The diamondback moth was estimated to increase costs to the global agricultural economy as the global area increase of Brassica vegetable crops and oilseed rape. Sex pheromones traps are outstanding tools available in Integrated Pest Management for many years and provides an effective approach for DBM population monitoring and control. The ratio of two major sex pheromone compounds shows geographical variations. However, the limitation of our information in the DBM pheromone biosynthesis dampens our understanding of the ratio diversity of pheromone compounds. Here, we constructed a transcriptomic library from the DBM pheromone gland and identified genes putatively involved in the fatty acid biosynthesis, pheromones functional group transfer, and β-oxidation enzymes. In addition, odorant binding protein, chemosensory protein and pheromone binding protein genes encoded in the pheromone gland transcriptome, suggest that female DBM moths may receive odors or pheromone compounds via their pheromone gland and ovipositor system. Tissue expression profiles further revealed that two ALR, three DES and one FAR5 genes were pheromone gland tissue biased, while some chemoreception genes expressed extensively in PG, pupa, antenna and legs tissues. Finally, the candidate genes from large-scale transcriptome information may be useful for characterizing a presumed biosynthetic pathway of the DBM sex pheromone.
Finally, establishing EST-libraries by next generation sequencing technology (NGS) facilitates the investigation of candidate genes that might be potentially involved in pheromone biosynthesis [44] [45] [46] [47] . Hence, we constructed a transcriptomic library from the sex pheromone gland of DBM and identified genes that could be putatively involved in the biosynthesis of sex pheromones, fatty acids, and β-oxidation enzymes. The tissue expression profiles of putative genes also provide novel insights into the biosynthetic sex pheromone pathway.
Results and Discussion
Illumina sequencing and transcriptome reconstruction. More than 56.6 million clean reads were obtained from the library of the DBM pheromone gland (PG) with about 8.5 G base-pairs of nucleotides, a 0.01% error rate and 92.62% bases with a Phred quality score of more than 30 (Q30). Compared to the DBM genome size of about 394 Mb 48 , clean data can provide an appropriate coverage of sequencing that satisfy the bioinformatics study.
We first tried to map the sequences of clean data to the DBM genome maintained on the NCBI genomic database (GenBank: AHIO00000000.1); however, the overall alignment rate of the mapping results was low (56.49%) indicated a large number of clean data waste that could not be mapped to the reference genomic sequence. The high levels of DBM genomic heterozygosity and polymorphism 48 most likely challenged the alignment algorithm. Therefore, the transcriptome was reconstructed to 73,769 contig sequences (>200 bp) by de novo assembly software to avoid excessive residual sequencing data. These consensus contigs have a mean length of 757 bp and an N50 length of 1314 bp with a total length of 55.83 Mb. Size distributions of the contigs are summarized in Figure S1 . We defined these contigs as the sequences of genes although each of them may not necessarily Table 1 . BlastX match of transcripts involved in sex pheromone or fatty acid biosynthesis and β-oxidation. The EC numbers of the enzymes follow the enzyme name.
represent a unique genomic sequence. Homology comparison of assembly sequences was performed by BlastX searching to the protein database NR (see Figs S2 and S3). The BlastX results were transferred to the Blast2Go program, which assigned the assembled transcripts to different functional categories ( Fig. 1 ).
Pheromone biosynthesis activating neuropeptide receptor. Pheromone biosynthesis activating
neuropeptide (PBAN) is released from the suboesophageal ganglion and is transported through hemolymph to the PG. The binding of PBAN and its receptor in the PG membrane triggers sex pheromone production 49 . The PBAN receptor is characterized as a G-protein-coupled receptor and has been cloned in several species 50, 51 . A transcript encoding a 338 aa protein, which encoded the same amino acid sequence with one DBM PBAN receptor deposited previously (AAY34744) 52 , was annotated as PBAN receptor (PxylPBANR) ( Table 1 ). It has 78% identity to the Bombyx mori PBAN receptor isoform A in GenBank (AEX15646.1). The amino acid sequences of PxylPBANR and other PBAN receptors downloaded from GenBank were aligned and compared by the ClustalW method 53 . The final conserved amino acid sequences were adjusted to 328 aa in length using MEGA7 54 after abandoning divergent regions ( Supplementary Table S1 ). The evolutionary relationship was inferred using the Neighbor-Joining method 55 and the evolutionary distances were computed using the JTT optimum method 56 that was matrix-based with a gamma distribution. PxylPBANR was clustered together with DplePBANR (from Danaus plexippus) and ObruPBANR (from Operophtera brumata) (Fig. 2 ).
Putative genes involved in pheromone biosynthesis. In most moth species, the precursors of Type I sex pheromones are synthesized as saturated long chain fatty acids 21, [57] [58] [59] . In the transcriptome of DBM sex pheromone, we annotated contigs that encode for the following proteins: acetyl-CoA carboxylase (ACC, n = 1), fatty acid synthase (FAS, n = 1), desaturases (Des, n = 12), fatty-acyl reductase (FAR, n = 15), alcohol dehydrogenases (ADH, n = 5), aldo-keto reductase family 1 (ALR1, n = 9), acetyltransferase (ACT, n = 2) ( Table 1) , which involve in the de novo sex pheromone biosynthesis. The rate-limiting step in fatty acid biosynthesis is the first process, which catalyzes the ATP-dependent and biotin-dependent carboxylation of two acetyl-CoA to malonyl-CoA by ACC. One transcript with a high FPKM value of 213.21 possesses a large full-length open reading frame (ORF) (Table 1) . It showed high sequence similarity to ACC as described in other insects (including Bombyx mori, Drosophila melanogaster, Nasonia vitripennis, Tribolium castaneum, Papilio polytes and Helicoverpa armigera) and shared 86% aa identity to P. polytes, B. mori and H. armigera. Synthesis of saturated fatty acids from malonyl CoA, acetyl CoA and NADPH is catalyzed by a single, homodimeric, multifunctional protein known as FAS, in which acetyl-CoA undergoes a series of decarboxylation condensations with several malonyl residues 24, 60 . A long transcript, which has a high expression level with a 634.68 FPKM value, was identified as FAS in the DBM PG transcriptome (Table 1) . It was predicted to encode a large protein of 2385 aa in length with high sequence similarity to FAS annotated in other insects, and sharing 72% aa identity to Agrotis ipsilon and Helicoverpa assulta.
Double bonds are introduced into the fatty acid chain by a variety of desaturases at specific positions along the chain. Two sex pheromone compounds of DBM were identified as (Z)-11-hexadecenal (Z11-16:Ald) and (Z)-11-hexadecenyl acetate (Z11-16:OAc). It is reasonable to propose that DBM pheromone compounds would be desaturated by Δ11-desaturase from the saturated fatty acid precursor palmitic acid (16:0), which is supported by other studies in Lepidoptera species 61, 62 . Not only being able to insert the double bond in the 11 th carbon of the fatty-acyl chain, desaturases can also insert in other locations such as Δ9 27 , Δ5 25 , Δ10 28 and Δ14 31 .
For instance, Δ9-desaturases have been identified as two groups in pheromone glands of Lepidoptera species: one of which has a 16 carbon substrate chain length preference (C 16 > C 18 ) with the KPSE motif. By contrast, another with a chain length selectivity of 18 carbon substrate (C 18 > C 16 ) had the NPVE motif 63 . From the DBM PG transcriptome, twelve transcripts were identified as desaturase candidates ( Table 1 ). The expression of Des1, Des2 and Des3 was high with FPKM values of 1107.92, 391.52 and 659.52 respectively. The amino acid sequences of Des genes from different species were aligned by using the MUSCLE method to demonstrate the relationship of desaturases.
The divergent regions of desaturase sequences were discarded, while the conservative regions of 290 aa in length were used to reconstruct a phylogenetic tree ( Supplementary Table S2 ). The conservative regions of Des4 and Des12 were too short, so their sequences were abandoned. Des1 and Des5 were allocated together with Δ9-desaturases from other species and five desaturases of DBM were closely associated to the Δ11-desaturases (Fig. 3) . The Δ9 signature motif of DES1 was NPVE, while the Δ9 signature motif of DES5 was unknown because of the incomplete ORF. The Δ11-DES signature motif of "xxxQ" was identified in DES3 and DES7, but not in other DBM Δ11-DES genes.
An oxygenated functional group (i.e., alcohol, aldehyde, or acetate ester) is a major class of sex pheromone. The key enzyme required to produce the oxygenated functional groups is FAR, which reduces fatty-acyl precursors to the corresponding alcohols, which can then be acetylated or oxidized to acetate esters or aldehydes, respectively 33 . We found amino acid sequences of 15 transcripts resembling FAR in the DBM PG transcriptome ( Table 1) . In this analysis, FAR1, FAR2, FAR3, FAR4 and FAR5 showed high expression levels within FPKM of more than 50. The FARs of DBM encode proteins with high amino acid sequence similarity to other Lepidoptera moths including Bombyx mori, Helicoverpa assulta, Yponomeuta evonymellus and Spodoptera litura.
ADH (EC 1.1.1.1) are a group of dehydrogenase enzymes that facilitate the interconversion between alcohols and aldehydes with the reduction of NAD + to NADH 64 . ADH is a dimer protein and contains zinc at its catalytic site. Another aldehyde reductase group is ALR1 with EC number 1.1.1.2, which is monomeric NADPH-dependent oxidoreductases having wide substrate specificities for carbonyl compounds 65 . We found that the amino acid sequences encoded by five transcripts resemble ADH genes, while nine transcripts encode the proteins resemble ALR genes (Table 1) . Moreover, most of them are highly expressed in PG transcriptome with more than 60 FPKM value. Acetyltransferases (EC: 2.3.1) are probably the candidate genes for esterifying fatty alcohols into acetate esters. They belong to a huge family of acyl CoA-utilizing enzymes that transfer an acetyl group. However, the exact genes that are functionally involved in oxidization or acetylation have still not been cloned from any insect species 47 . Some key enzymes that belong to alcohol O-acetyltransferase family (EC: 2.3.1.84) in fungi 40 and plants 66 have been found to esterify fatty alcohol into acetate esters. We found two transcripts that encoded proteins homologous to acetyltransferases in DBM PG transcriptome ( Table 1 ). The expression of ACT1 and ACT2 is high with more than 100 FPKM value. ACT1 is homologous to acetyl-CoA acetyltransferase from Amyelois transitella. ACT2 has the similar amino acid sequence to the acetyltransferase gene from Spodoptera litura. One acetyltransferase named ATF1 (EC 2.3.1.84) isolated from yeast was capable of acetylating fatty alcohols into acetates 40 , which provided some clue for insect sex pheromone biosynthesis. However, we did not identify any candidate gene that were homologues to ATF1 or to the genes belonging to the group of EC 2.3.1.84.
Putative β-oxidation enzymes. In eukaryotes species, fatty acid molecules are broken down in the mitochondria to generate acetyl-CoA by β-oxidation catabolic process. β-oxidation may also play a vital role in (Table 1) , which indicate the role of β-oxidation in the breaking down of fatty acids and sex pheromone compounds. The genes involved in β-oxidation have been identified in some moth PG tissues 67 . β-oxidation is the catabolic process by which fatty acid molecules are broken down in the mitochondria in eukaryotes to generate acetyl-CoA, FADH2 and NADH. Moth species can also produce pheromone components by utilizing β-oxidation to shorten fatty acids chains to a limited length 68 .
Putative pheromone and chemoreception carrier proteins. Odorant binding proteins (OBPs) are a major constituent of the aqueous proteins that might serve as solubilizers and carriers of the lipophilic odorants in insects. In the OBPs that are derived from moths, six cysteine residues are highly conserved with disulfide connectivity 69, 70 . The OBP family genes that have been found to interact with sex pheromones are identified as pheromone-binding proteins (PBPs) 71 . Members of the OBP sub-family Minus-C do not contain all six conserved cysteine residues, while members in the sub-family Plus-C carry more than six conserved cysteine residues 72 . Another binding protein gene family that is involved in odorant sensory functions are known as chemosensory proteins (CSP), which contain only four conserved cysteines 73 . These binding proteins are not only expressed in the sensilla of the antennae, but can also be identified in the sensilla of the ovipositor 74 . The presence of chemosensilla on the ovipositor indicates the chemoreception function of odors 75 , or a feedback loop in the moth's PG to control the biosynthesis pathway and release of sex pheromones 76 . OBP and CSP have been demonstrated in the function of binding and transportation of hydrophobic volatile molecules, including sex pheromones, plant and environment volatiles. A total of 8 CSP, 9 OBP, as well as 1 PBP transcripts were identified, which are major constituent of the aqueous proteins that might serve as solubilizers and transporters of fatty acids and sex pheromone compounds ( Table 2 ). The PBP candidate of DBM grouped together with other PBP genes, while OBP candidates were allocated with OBP genes of other species (Fig. 4) . The phylogenetic analysis of CSP genes between different species shows the CSP candidates of DBM are homologous to other species (Fig. 5 ).
Tissue expression profiles.
After compared the expression levels of the gene involved in the sex pheromone biosynthesis by qRT-PCR between pheromone glands (PG), female body without PG (FB), male body (MB), pupa tissue (PU) and larva tissue (LA), five genes were found to be expressed in PG tissue at high levels compared to other tissues, including two ALR genes and three DES genes (Fig. 6 ). FAR5 genes were found to be highly expressed both in PG tissue and pupa tissues. The gene expression profiles of many putative genes identified in pheromone gland do not show any specificity, which is probably due to the fact these enzymes are involved in multiple basic biological pathways. However, some enzymes that are involved in double bond desaturation and functional group transfer are specifically and highly expressed in PG tissues as compared to tissues of larva, pupa, and the male and female abdomen, which indicated that the DES, FAR and ALR genes might be involved in sex pheromone biosynthesis in PG tissue 57 . We also checked the expression of CSP, OBP and PBP genes in PG, pupa, antenna and legs by semi-quantitative PCR analysis (Fig. 7) . Some genes expressed extensively in a certain tissues, like CSP1, CSP2, CSP6, OBP5, OBP7 and OBP9. One PBP gene was found to be expressed in pupa tissue, female and male antenna. But PBP gene expression was not detected in PG tissue, which was probably due to its low expression level (FPKM: 13.87). OBP4 and CSP5 genes were extensively expressed in PG tissue, though the band of CSP5 was weak. OBPs and CSPs are usually expressed in the sensilla of the antenna, leg and ovipositor that were not expressed specifically in PG tissues, as shown by over half of the qPCR analyses conduced in DBM PG and other tissues. Furthermore, OBP4 was expressed with a high FPKM value and was specifically expressed in the PG tissue, which indicated its vital role in odorant sensation or chemical molecular transport. cDNA library construction and Illumina sequencing. Total RNA was extracted using TRIzol regent according to the manufacturer's protocol. RNA degradation and contamination was monitored on 1% agarose gels electrophoresis. The NanoPhotometer ® spectrophotometer was used to check RNA purity and concentration.
RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system. A total amount of 1.5 µg RNA was used for preparing sequencing library generated by NEBNext ® Ultra ™ RNA Library Prep Kit. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in NEBNext First Strand Synthesis Reaction Buffer (5×). First strand cDNA was synthesized using random hexamer primer and M-MuL V Reverse Transcriptase (RNase H − ). Second strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase H. After adenylation of 3′ ends of DNA fragments, NEBNext Adaptor with hairpin loop structure were ligated to prepare for hybridization. PCR was performed with Universal PCR primers and Index (X) Primer. After cluster generation on a cBot Cluster Generation System, the library preparations were sequenced on an Illumina Hiseq platform and paired-end reads were generated. The raw data were deposited in the NCBI Short Read Archive (SRA) database with BioProject accession number: SRP076084. Raw reads of fastq format were firstly processed by removing reads containing adapter, reads containing ploy-N and low quality reads from raw data to obtain the clean reads. More than 56.6 million clean reads were obtained with about 8.5 G base pairs. Transcriptome reconstruction. We attempted to map the clean reads to the genomic sequences of DBM that were obtained from an open access NCBI genomic database 48 . However, the overall alignment rate of the mapping results output by HISAT2 77 was low (56.49%). To avoid data residuals, the program Trinity 78,79 was used to reconstruct the transcriptome with parameters of the min_kmer_cov set to a value of two, and all other parameters set to the default value and abandoning all sequences that were shorter than 200 bp. Bioinformatic analysis. Functional annotations of transcripts were conducted towards the NR, NT, and the Swiss-Prot with an e-value less than 1 × 10 −5 and KOG with an e-value that was less than 1 × 10 −3 that was based on sequence similarity using the NCBI BlastX software suite. Based on NR annotation, Blast2GO program was used to get GO annotation and WEGO software was used for GO functional classification. Clean data were mapped back onto the assembled transcriptome by using Bowtie 2 and a read count for each gene that was obtained from the mapping results. Transcriptomic expression abundance was estimated by the RSEM (RNA-Seq by Expectation Maximization) method 80 . The ORFs (open reading frame) of the putative fatty acid biosynthesis genes were calculated by the ORF Finder online method (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi). The amino acid sequences of putative fatty acid biosynthesis genes were translated according to results obtained from the ORF Finder based on standard genetic codes.
Phylogenetic relationship calculation.
Sequences used for phylogenetic reconstructions were retrieved from the GenBank database (Supplementary Tables S1-S4). Multiple sequences were aligned by ClustalW 53 module in MEGA7 software 54 . The raw output of the multiple sequence alignments were refined to minimize insertion/deletion events 81 . Optimum phylogenetic model was calculated by MEGA7. The evolutionary relationship was inferred using the Neighbor-Joining method performed by MEGA7 with optimum phylogenetic model. Branch supports were surveyed by bootstrapping 1000 times. RNA isolation and quantitative real time PCR. Total RNA from the tissues of larvae, pupae, PGs, and male and female abdomens was isolated using TRIzol reagent according to the manufacturer's instructions. Single-stranded cDNA was synthesized using the TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen) kit. Specific primer pairs for qRT-PCR analysis were designed with Oligo 7 ( Supplementary Table S5 ). The primer for reference genes were designed according the sequence of elongation factor 1 gene (EF1) (accession number EF417849) and ribosomal protein L32 gene (RPL32) (accession number AB180441) 82 for normalizing expression of the target gene and correcting for sample-to-sample variation.
Quantitative RT-PCR was performed with TransStart Top Green qPCR SuperMix (Transgen) according to the manufacturer's instructions. The cycling conditions were 94 °C for 30 s followed by 40 cycles of 94 °C for 5 s and 60 °C for 30 s. Then, the PCR products were heated to 95 °C for 1 min, cooled to 55 °C for 30 s and heated to 95 °C for 30 sec to measure the dissociation curves. Blank qTR-PCR, which comprised an added template without the primer was included in each experiment and served as the negative control. The genes involved in pheromone biosynthesis were compared in different tissues. Then each genes expressed at high levels in PG tissue was carried out in three technical replicates and three biological replicates of qRT-PCR survey to check reproducibility of the assays. Relative quantification was performed using the comparative 2-ΔΔCt method 83 . Data (mean 6 SE) from various samples were determined by one-way nested analysis of variance (ANOVA) followed by a least significant difference test (LSD) for mean comparisons. RT-PCR was performed with EasyTaq DNA Polymerase (Transgen) according to the manufacturer's instructions. The cycling conditions were 94 °C for 2 m followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s and 70 °C for 1 m. 10 μL of each PCR product was examined on a 2% agarose gel after 30 minutes of standard electrophoresis at 130 V and 15 min of staining with standard application of GelStain (Transgen).
